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MATERIALS AND MET HODS
We have previo usly noted that TOF, P-valve dysplasia, VSD , and cardiac hypertrophy occur spontan eously in WKY / NCrj rat s ( I). In our study, we examined th e morp hologic features of the cardio vascular system in fetuses an d neonates, Our serial stud y takes advantage of this animal model.
Wh at att racted our atten tion at th e start of this stu dy was th e findi ng tha t the ML B of the ventricular wall was not smoothly continuous between the IVS and th e LVFW and between the R VFW an d th e LVFW (2) . In th e norm al heart , the M LB is smoothly continuous among these structures, constituting circumferential un its that sur round the left ventricle, and the left an d right ventricles togethe r (3, 4) , T he cont inuiti es were disturbed by tissue clefts, ab norma l fiber arrangeme nts, and/or myocardial fibrosis in WKY rats. The less th e con tinuity, th e greater th e cardiac hypert roph y, suggesting that th e disco ntinuities crea ted an inabi lity to efficientl y generate pressure in the two vent ricles and allow developm ent of cardiac hypert rophy in WK Y rats. Therefore, we paid particular atte ntion to th e process by which the discontinuity developed .
We exami ned 159 fetuses and 110 neon ates bred fro m eight ma le and 15 fema le WKY /NCrj rats that had been obtained in the process of selective breedi ng for a strai n with marked cardiac hypertrophy on the basis of the electrocardiographic findi ngs reported pre viously (2) . Fetuses of two to eight litt ers each were sampled on d 17, 19, and 21 of gestation (GI7, G 19, G2 l) , on th e day of birth (AD), and on d 2 and 4 after birth (A2 and A4). Th e day after th e ident ification of sperm in the vagina l smear was co nsidere d as the 1st d of gestation; birth usually occurred 22 d later. T hese WKY rats were compared with stage-matched Wistar rats of one to two litters from Shimizu Jikken Zairyo, Inc. (Kyoto, Japan ).
Isolation ofheart and great vessels. With the m oth er rats un der urethane anesthesia, fetuses were rem oved and immersed in 10% form alin ma intained at 18-20°C with the placenta and umbilical cord kept intact to prevent bleeding from the cord and inflation of the lun g, which could affect the size of the heart and vessels. Th e G2 1 fetuses and postnatal rat s, the latter being anesthetized with ether, were immersed in form alin after wide incision of the diaphragm and th orax to fix the fetal du ctu s arteri osus before its physiologic cons triction and to prevent postmortem degeneration of organ tissues. After fixation of the whole bod y for several 429 Abbreviations ABSTRACT. We examined anatomically the hearts, lungs, and great vessels of 269 WKY/NCrj rat s at three fetal and thr ee neonatal stages. Severe pulmonary valve thickening was present in 16 and ventricular septa l defect s with overriding of the aort a in 15 of the 90 near-term fetuses and in 10 and nine, respectively, of the 79 neonates at 2-4 d of age. These abnormalities occurred together (tetralogy of Fallot) in seven of th e near-term fetuses and in five of the neonates. A narrow pulmonary outflow tract was present in 55% of the fetuses and in 56% of th e neonates. Th e wall of the pulmonary arterial branch was abnormally thick in 19% of the fetuses and in 26% of the neonate s, most of which did not have septal defects. In about 80 % of th e fetuses, the middle latitudinal muscle bundle of th e ventricul ar septum was not continuous with the left ventricular free wall, but rather with the right; after birth, it was discontinuous with both free walls. The heart was abnormall y heavy in 49% of the 79 neonates. In about half of th e heavy hearts, th ere were no septal defects or pulmonary valvular and arterial lesions. Th ere were double aortic arch es in four and right aortic ar ches in six of th e total WKY fetuses and neonat es; th e ductus arteriosus was abnormally small in 47 % and th e aorta was larg e in 51% of the near-term fetuses. Thi s constellation of congenital heart disease is genetic in origin, but altered by hemod ynamics late in fetal life. days, it was weighed, a nd th e heart was removed togeth er with th e grea t vessels (Fig. I) .
Great vessels and foram en ovale. We measured th e m aj or (a) an d m inor (b) diameters of th e forame n ovale at th eir grea test from th e right side of th e heart , using an eye-piece mi crometer under x 66 m agnifi cat ion to calcul at e th e area of the foramen as 7l"ab/4. T he cross-sectio na l lumen area of th e aorta, du ctu s, a nd PA were also determined from th eir major a nd minor diameters, the form er two at the level of th eir j unctio n, where the ir lumen size was sma llest (Figs. I and 2) .
Heart weight and ventricular wall thickness. The ventricles were cut transversel y with a razo r midway between the apex and th e ao rt ic ro ot (Fig. 3) and were th en weighed . We measured t he greatest thickness of th e IVS , th e LVFW between th e anterior a nd posterior papillary mu scles, and the R VFW in th e m iddle region without trabeculae. G 17-1 9 fetuses were not available for the measurement of the RVFW becau se the internal margin of th e RVFW was unclear due to th e development of coarse tr ab ecul ae.
Architecture ofMLB. The cut surface of the ventricular walls, under a dissecting microscope , sho wed th at the MLB of th e IVS was co nvex to ward th e right a nd co nti nuo us with th e LVFW in th e Wistar rats , whe reas in man y of th e WKY fetuses and AD neon ates it was straight or convex toward th e left and continuo us with th e RVFW or termin at ed in th e sube ndocardi um between th e R VFW and th e LVFW. Furtherm or e, many A2-4 W KY hearts showe d a clear di scontinuity of th e septal MLB with both th e LV FW and RVF W du e to m ar ked tissue cleft s (Fig. 3) . We assessed thi s abnormal situa tio n semiq uantitatively. The co nvexity of th e septal MLB was graded from -2 (m ost to th e left) to +2 (mos t to the right ); th e continuity of th e septal MLB with th e R VFW and LVFW , each in the anterior and posterior junction s, was also graded from -2 (strong co ntinuity with th e RVFW) to + 2 (stro ng continuity with th e LVFW). Thus, the tot al score ranged from -6 to +6.
Valves. We examined th e semilunar and atrioventricul ar valves in the same way as in th e previous study (1) and com pa red th em with those of Wistar ra ts at the same stage. We assessed qu alitatively the thickness a nd shape of the cusps; thi ckening with distortion of the three cusps was considered to be sever e (Fig. 4) . Tissue sections of several th ickened P-valves of th e G21 WKY fetuses were examined histologically after being stain ed wit h hematoxylin-eosin a nd Masson-Goldner's trichrome.
VSD and POT. The RVFW was dissected so th at VSD, POT, co na l septum , and papill a ry m uscles co uld be examined (Fig. 5) . We determined th e a rea of POT a nd VSD ostia from th eir major a nd minor diameters o n th e right side. The RVFW th ickness was measured at th e level of th e POT also; thi s was possible in th e G 17-1 9 fetu ses, becau se th e tr abe culae were den se and smoothly lined th ere.
Pn-branch. Forty-two G 21 WKY fetuses (four litters) and 42 A2 WKY neonates (four litters) were avai lable. Specim ens were dissected out from th e middle 1 13 between th e hilus and th e m ost distant ca uda l edge of th e left lung, which consists of o ne long lob e in rat s. Tissue sectio ns were m ade perp endicul ar to th e hilus-edge axis of th e lob e for stai ning with Masson-Goldner's trich rome. Selecting the largest artery in o ne section, we m eas- Fig. 3 . Midventricular transverse view of the heart. A , B, and C, from Wistar rats at G21 , AD, and A4. D , E, and F, from WKY rats at the same stage as A, B, and C. The anterior surface of the heart is on the top. The heart in D was accompanied by a small ductus but neither YSD nor severe P-valve dysplasia; that in E and F, by TOF. In A, B, and C, the IYS as a whole is convex toward the right ventricular side and smoothly continuous with the LYFW. In D and E, the IYS as a whole is not convex toward the right, and latitudinal fiber bundles of the IYS are continuous with the RYFW or terminate in the subendocardium; in F, the continuity of the MLB of the IYSwith that of the LYFW and RYFW seems to be disturbed by tissue clefts. The gradeof continuity was assessed to be 3, 3, and 5 in A, B, and C and - (asterisks is well developed and anteriorl y deviated , making the POT ostium narrow. The RVFW is not thi ck. C, from a G2 1 WKY fetus with no VSD but with a P-valve lesion and a small duct us arteriosus. The parietal ia sterisk ) and the septal (star ; bands are well de veloped and anteriorly deviated, and the RVFW is thick, mak ing the POT narr ow. D, from an A2 Wistar neonate. As terisk , crista supraventric ularis. The septal band is not clear. E, an A2 WKY neonate with a large VSD (arrow). Th e RV FW is very thick. Th e parietal ban d (asterisk ) is deviat ed a nteriorly and inserted into the almos t obliterated POT; the septal band (sm all arrows) is anteriorly deviated but does not face the POT ostium . ured the major and minor lumen diameters an d the thickness of the media of the arterial wall at two sites where the media was most clearly discernib le to calculate the WT/ LR. The WT/ LR was quite similar in serial tissue sections from the same specimen . It was difficult to measure accurately the thickness of the media of smaller arteries with an eye-piece micro meter when there was no wall thicken ing, partic ularly in the fetuses.
Statistical analysis. T he difference in mea n values, abnormality of an individual value, percentage of abnor malities, and correlation coefficients were estimated in the same way as in the previous study ( I).
RESULTS

Mortality.
In the WKY rats, the mean litter size before birth ( 11.4 ± 1.3) was significantly greater (p < 0.05) th an tha t after birth (9.9 ± 1.7), whereas there was little or no difference in the Wistar rats. This suggests that a substantial number ofWKY rats die soon after birth , although dead rats could not be ident ified, probably because th e mothers ate them. Int rauterine death was not rare in the WKY.
Valves. Severe thickening of the P-valve with distortion an d impaired apposi tion of the three cusps, which may correspond to grade 3 thickening in adult WKY rats ( I), occurred in 7-27% of the G 19-A4 WKY fetuses and neonates (Table I, Fig. 4 ). Obvious fusion of the cusps was very rare. The P-valve seemed to be mo re or less thickened with no distorti on of the three cusps in many of the others. Th e tricuspid valve was slightly thickened at the edge and at the j unctional area with chordae tendineae, usually when a severe P-valve lesion and/or a VSD was present. Severe thicke ning was very rare. The histology of the thickened valve in the WKY fetus did not differ essentially from th at in the Wistar fetus except for increased vasculature ( Fig. 4D and  E) . The aortic and mitra l valves were normal.
VSD. Membranous type VSD (excluding pinhole defects) of varying size were present in 52 and 18% of the WKY fetuses at G 17 and G21 , respectively, and in 10-29 % of the AO-A4 neonates (Table 1 ). In the Wistar rat, a pinhole defect was observed in the sam e region in two of 16 rats at G 17, but never thereafter. Th e aortic valve was clearly visible from the right ventricle on the opposite side through the lumen when the VSD was large (Fig. 5B) , indicating overriding of the aorta (1, 6). There were no membranous tissues in VSD before birth, but th ey were common after birth. A ventricular aneurysm (Fig. 5F ) was present in eight of 79 A2-4 WKY rats. Severe P-valve lesions were present in about 40% of G21 and A2-4 rats with VSD (Table 2) , and mild thickening existed in most of the other rats with VSD.
POT. The POT were ab normally narr ow in 7-8% of the WK Y rats at G17 -19 and in 55-60% at G21-A4 when com pared with those of the Wistar rats at the same stages (Ta ble 1), particularly when VSD and/or severe P-valve lesions were present in the fetuses and when VSD were present in the neonates. However , the POT were narrow in many fetuses and neonates with neither of the two lesions (Table 2 ). In the fetuses with narrow POT , the crista supraventicularis and well-developed parietal and septal bands were deviated anteriorly, with either a thickened or norm al RVFW (Fig. 5B and C ) . In the neonates, the parietal ba nd sometimes inserted into the obliterated POT (Fig. 5E) , or hypertrophied parietal and septal bands surrounded the ostiu m. Severe narrowing of the POT after birth was always accompanied by a very thick RVFW as in the adul t rats; the conal R VFW was abnormally thick in 25% at G21 and 77-75% at A2-4 (Tab le I). The size of the POT correlated significantly with that of the VSD at G 17-19 and at A2-4, and with the conal R VFW th ickness at G21 and A2-4 (Ta ble 3).
PA-branch. The mean WT/ LR ratio of the PA-bran ch decreased markedly after birth in both strains (Tabl e 1). In some WKY fetuses and neonates, the wall media was very thick due to proliferation of smooth muscle cells (Fig. 6) . Th e WT/ LR II P < 0.05; signi fica nt ly different fro m th e value in the preceding stage .
11 P < 0.0 I; significantl y different from th e value in the prec eding stage . ** Number of G21 and A2 WKY rats tested for WT/ LR rati o of PA-br an ch was 42 (four litt ers). tt Number of G21 W KY rats tested for the PA and for the forame n ova1e was 44 (four litt ers [12] ( 1) 28 ± 3 (2) 28 ± 3 (I) 32 ± 1 (8) 39 ± 5 §1I
* Values are mean ± SD concerni ng the left item when rats have th e abnorma lity on the top . Paren th eses, nu mber of rat s with both the abn ormality of the left item and that on the top . Th e total number in paren th eses in a line equ als th e number in the left square brac ket.
t Square brackets, number of rats with abnormalities. t Nu mber of rats that have P-valve lesion also. § p < 0.05, for co mpariso n with the mea n value in first colum n.
II p < 0.05, for co mparison with the value in j ust th e left colum n.
T a ble 3. R elations between quantitative data"
WT / LR of the PA-bra nch (Fig.  5£ ) , the WT/ L R ra ti o was n ot hi gh .
Architecture of M L B.
I n b oth the W istar and t h e WKY ra ts, the d egr ee o f co n tin u it y o f the MLB in crea sed m arkedly at A2 -4 . H o wever, in 80% of the WKY ra ts, the degree of cont in ui ty wa s a b n o rmally low co m p ared w it h t h at in the Wistar rats at a ll the stages exami ned (Table 1) .
Cardiac hypertrophy. The hea rt wt/ b ody wt was abnorma lly h igh in only 5-8% of the G 19-21 WKY fetuse s a nd in about 50% o f the A 2-4 neo nates. In b ot h strains , the IVS/LV F W a n d 434 KURIBAYASHI ET AL. The left subclavian artery diverges from the portion distal to the ductus. Arterial branching from the aortic arch in other rats with aortic arch anomalies showed the same pattern as in these rats according to the type of anomalies. The vascular ring in Band D was penetrated by the trachea and esophagus. In A and C, a single PA diverges from the pulmonary trunk. which then gives ofT right and left branches. The ductus is very small in A and B and moderate in D. All the hearts had TOF and were in situs solitus. rats, the heart wt/body wt correlated significantly with the IVS/ LVFW and the RVFW/LVFW (Table 3) . There was also a good correlation between the IVS/LVFW and RVFW/LVFW ratios (0.52 < r < 0.77).
These three ratios were high after birth, especially when VSD and/or severe P-valve lesions were present (Table 2) . However, neither of these lesions was present in 26 of the 39 A2-4 rats with heavy hearts, and in 31 of the 42 rats with disproportionate septal thickening (Table 2) . Instead, there was a decrease in continuity of the MLB between the IVS and LVFW in most of the rats without the two lesions. Ventricular aneurysms were present in four of the 26 rats with heavy hearts but no severe Pvalve lesions. In 19 neonates with heavy hearts, in which the PAbranch was also examined, there were VSD and/or P-valve lesions in nine rats and isolated PA-branch lesions in two rats; all the remaining rats showing a decreased continuity of the MLB.
Great vessels and foramen a vale. The ductus arteriosus was abnormally small in 38-47% of the WKY fetuses, whereas the aortic isthmus was abnormally large in 36-51 % of them (Figs. 1  and 2 , Table I ). The PA tended to be smaller before birth but larger after birth in the WKY than in the Wistar rats. The PA and pulmonary trunk were markedly enlarged in the WKY neonates with VSD and/or severe P-valve lesions (Fig. ID) . The size of the foramen ovale varied greatly, and the mean value was similar in the two strains at every stage. In four of the A2-4 WKY neonates with VSD, the foramen was patent.
A double aortic arch was present in four, and a right aortic arch with a left or right ductus in six of the WKY fetuses and neonates, many of which had a small ductus, a VSD, a P-valve lesion, and/or TOF (Fig. 7) . In 132 of the 269 WKY rats, a single PA diverged directly from the pulmonary trunk, which then separated into the right and left arteries. In the Wistar rats, the left and right PA always branched separately from the pulmonary trunk. The left superior vena cava was always present in both the Wistar and WKY rats (Fig. IA and B) .
The fetal ductus was usually small but the aortic isthmus was large when there were VSD, P-valve lesions, marked rightward continuity of the septal MLB (Table 2) , marked POT narrowing, and/or PA-branch lesions. There were significant correlations between the size of VSD and that of the ductus and the aorta, especially at G 17; moreover, the size of the ductus correlated significantly with that of POT, and with the WT /LR ratio of the PA-branch (Table 3) .
DISCUSSION
This study demonstrates the coexistence of various cardiovascular abnormalities that occur during inbreeding of WKY rats. Because of the high frequency of congenital heart disease, we were able to follow serially the cardiac anomalies in these animals. These observations suggest several possible causal mechanisms, in addition to the obvious genetic one, in the development of the anomalies from fetal to postnatal life. In particular, our data support the concept of Van Mierop et al. (II) that hemodynamic changes caused by one defect induce a constellation of abnormalities during late fetal life.
Thickening and distortion of the P-valves, usually accompanied by mild lesions of the tricuspid valve, was present before birth in WK Y rats and the incidence was similar to that in neonates and adults (I), suggesting a congenital or developmental origin with persistence after birth. The increased vasculature in the cusps of dysplastic P-valves (I) was also present before birth, which may reflect an increased requirement of blood to supply the greater tissue mass, as has been suggested in dogs (5) .
The incidence of VSD in the fetuses decreased as the stage advanced, which suggests that the normal process of muscular closure of the IVS region is delayed but is still in progress until birth. Membranous tissues in VSD appeared immediately after birth, with some of them possibly closing VSD. This, together with neonatal death, may explain the lower incidence of VSD in the A2-4 neonates and adults (l) than in G21 fetuses.
POT narrowing before birth seems related to anterior deviation of the crista supra ventricularis and development of anteriorly deviated parietal and septal bands, which occurred in the absence of VSD also, and partly to thickening of the outflow RVFW. Constriction of the POT may progress after birth due to further thickening of the outflow RVFW, especially when VSD are present. The way in which the parietal and septal bands participate in the POT narrowing after birth is variable (6) .
Th e association ofTOF with a double or right aortic arch (6), agenesis of the ductus arteriosus, and a large aorta (7, 8) is not rare in hum ans. Anomalies of the great vessels attributable to abnormal development of the aortic arch system that derives from the neural crest (9) have been described in Keeshond dogs also (10, II ) .
What relationships are there amo ng these abnormalities in rats? P-valve lesions, together with VSD and absence of the papillary muscle of the conus (I ), may be the result of the primaril y occurring hypoplasia or dysplasia of the conotruncal septum, as has already been suggested in the study on Keeshond dogs (10, 11) . Underdevelopment of the pulmonary infundibulum may be the basic malform ation as suggested in humans (8) .
If so, under an elevated right ventricular pressure due to stenosis of the P-valve or POT , the VSD may allow a substantial am ount of right-to-left shunting, possibly together with a flow increase through the foramen ovale, leading to enlargement of the aorta and hypoplasia of the ductus in accord with changes of their flow volume-a mechan ism that has also been proposed in the study of hum ans (8) and dogs ( 10) . Th is possibility is supported by our findings that the size of the aorta correlated with the size of the VSD. Moreover, the size of the ductus showed negative correlation with that of VSD, but was positively correlated with the size of POT, particularly in G 17 WKY fetuses.
However, it has been stated that the occasional occurrence of aortic arch defects in dogs with no obvious defects of the heart suggests that the above interpretation may not be correct (10 ) . This applies to WKY rats also. Rather, agenesis or premature closure of a ductu s may lead to fetal cardiac failure and death in the absence of large intracardiac communications (7); this may in part be supported by hum an autopsy studies (12) and experiment al studies in dogs (13) . T hus, if the ductus arteriosus is primarily hypoplastic in man y of the WKY fetuses, a VSD should be favorable as a vent for the right ventricle.
The wall thickening of the PA-branches associated with VSD after birth is likely secondary to the hemodynamic effects of the VSD (14) . The PA-branch lesions in the WKY neonates in the absence of VSD, which are considered to be continuous with tho se before birth, may be comp arable to persistent pulmonary hypertension of the newborn in hum ans (14) .
It has been demonstrated that a significant elevation of pressure in the pulmonary trunk results from constriction of the ductus arteriosus induced pharm acologically (15-1 7) or surgically (18) . Studies on lambs (17) (18) (19) (20) and humans (21, 22) have indicated that wall thickening of the PA-branches results from chronic constriction of the ductus and leads to the development of sustained pulm ona ry hypertension after birth . A small ductus in the WKY fetuses may have exerted a similar effect on the PAbranch . In this case, the patency of the IVS region may prevent the wall thickening by reducing the pressure overload on the right ventricle.
The MLB of the IVS was continuous with the RVFW in man y of the WKY fetuses. This situation in the fetus may be inadequate for the generation of pressure in the left ventricle, particul arly after birth when the afterload on the left ventricle increases rapidly. This abnormal situat ion, ifi t is not readily resolved after birth, may predispose to discont inuit y of the MLB between the IVS and LVFW, and between the RVFW and the LVFW. Th is may in turn participate in the postnatal development of cardiac hypertrophy with myocardial lesions similar to those of hypertrophic cardiomyopathy (2) in association with, or independently of, the hemodynamic effects of the P-valve lesions, VSD, narrow POT, and PA-branch lesions.
The abnormality of the septal MLB could be a primary lesion or could occur secondarily. The continuity of the MLB between the IVS and RVFW is favorable for the generation of pressure in the right ventricle. This idea tempts us to suggest that the abnormality may be secondary to a pressure overload on the right ventricle, which may be imposed by P-valve lesions, PAbranch lesions, narrow POT , and/or small ducti. It has been suggested that the myofibrils in the embryonic heart are aligned in accord with the direction of the mechan ical stress imp osed on them (23, 24) .
In lambs, a degenerative change of the tricu spid valve was associated with pharmacologic constriction of the ductus, which has been suggested to result from the direct effect of the pressure elevation in the right ventricle (19) . Th e elevated pressure may augment the mechanical stimulus to closure of the valve which is still developing and is susceptible to the stimulus. If this idea were applied to the tricuspid and P-valves in WKY rats, it could explain the selective involvement of cardiac valves on the right side.
In the fetuses of both rat strains, the IVS/LVFW and RVFW/ LVFW ratios were very high-as has already been noted in normal humans (25) and rats (26) . Unlike the hearts of neonates, the fetal hearts of the WKY tended to be only slightly heavy even when VSD, POT narrowing, P-valve, and/or PA-branch lesions were present. The lesions may have progressed after birth to such a degree that they led to the rapid increase in heart weight. However, progression of POT narrowin g and new involvement of the PA-bran ch were seen after birth in only a relatively few rats with VSD. The functional significance of these lesions may be qu ite different between the fetus and the neonate because of their underl ying hemod ynam ics; e.g. POT , P-valve, and PA-branch lesions will imp ose a much higher afterload on the right ventricle after birth than before birth when the foram en ovale and ductus are patent (27) . Moreover, it is unl ikely that an isolated VSD in the fetus causes a large shunt, because the pressures in the two ventricles are normall y equal in the fetal circulation (27) .
Th ere are man y possible interpretations of the interrelations between various cardiovascular abnormalities of WKY fetuses and neonat es. The pathogenesis and implication of these abnormalities and their associatio ns in the rat remain to be elucidated by further detailed studies, which will be facilitated by the wide availability of this genetically abnormal strain of rats with congenital heart disease.
